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THE LOWER OXIDATION STATES OF ALUMINUM!
Str:

Evidence for the existence of the 42 and +1
oxtdation states of aluminum includes demonstra-
tion of the existence of certain compounds prepared
in the absence of solvents,? spectroscopic evidence,?
ancd data relating to the anodic oxidation of alu-
minum in liquid mnmonia and other solvents.!
Thenmochenncal considerations® also indicate that
these oxidation states should exhibit appreciable
stability even in the forin of the crystalline
hiahides,

We wish to make a preliminary report on what
we believe to be conclusive evidence for the exist-
ence of these oxidation states in solntion, bused
upon potentiometric titrations of hguid ammonia
solutions of aluminum{II1) lodide with liqmd am-
moma solutions of potassium using the cquipment
and procedures described previously.®

Ina typical experiment, 831 X 1074 g. eq. wt. of
pure aluminum(II1) iodide dissolved in ca. 45 ml. of
anhydrous hqnid minmonia was titrated with $.56 X
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(2) G Grube, A Schncider, U7 Each and M 1ad, Z onceg Chem
260, 120 (1949).
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T2, 25% (1950).
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Hrepfrited by peemnsaon of the copyrichkt oaner

10-2 V/ potassium solution. The titration curve
shows two quite distinct end-points which corre-
spond to the addition of 3.25 and 6.60 ml. of the po-
tassinm solistion; the calculated volumes required
for reduction of AI*? to Al*?and Al*!are 3.24 und
6.49 1k, respectively.

Folowing the end-pomnt corresponding to comn-
pletion of reduction to Al 72, a trace of white crys-
tialline solid appears, the potential decreases gradu-
atly, then increases until the end-point correspond-
mg to Al*tis reached. A sinilar trend 1s observed
following reduction to AI-L  In view of the known
chemistry of AI*? in lignid ammoma,®™® it secms
reasonable to attribute this behavior in both -
stances to the occurrence of slow mmmonolvtic re-
actions resulting in the separation of ammonobasic
salts.  Fmnually, when a shipht 2ncess of potassium
over that required for redhiction to Al is added, the
potential mcreases ca. 1200 mv, and this 15 coinci-
dent with the appearance of a permancnt blue color-
ation which 1s too intense to be attributable to an
amtiona svlution of aluminum.®

These and related experiments will be desceribed
i more detail i a later communication. We aice
presently extending this method to the study of the
mtermediate oxidation state problem with other
Group I elements, and those of both the lanthan-
ide and actinide series.
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POTENTIOMETRIC TITRATION OF HALIDES OF ALUMINUM, GALLIUMI,
INDIUM AND THALLIUM WITIHI POTASSIUM IN LIQUID AMMONIA'™

By GeorGe W. Warr, Janmes L. Hann axp Gurcory R. Crorrix

Department of Chemistry, The Universily of Uezas, Austin, Tezas
Kecerced November 28, 1958

The potentiometric titration of the iodides of galium(H D) and indium(I11) with xolutions of potassium in liquid ammonia
provides evidence only for the threeelectron changes resulting in the formation of the corresponding elemental metals,
Siniilar titrations involving thalllum(III) chloride are complicated by the fact that the clemental thatium first prodireed
competes in the rectuction of the +3 chloride.  These studies provide evidence fc - the formation of Tt *1; elemental thallium
i the end-product of the reduction reaction.  Further studies on the potentiometrie titration of aluminum(I1I) iodide with
liquid ammonia solntions of potassinm and potassium amide and different possible reaction mechanisms are considered.
The reaction with potassium amide produces aluminum(IIT) amide which is thereafter converted to potassium aimmono-

aluminste.

This paper 18 concerned with results obtained in
studies involving a novel approach to the detection
and characterizatton of unusual oxulatiou states
of the elements.  The method iu question conststs
of the potentiometric titration of liquid ammounia
solutions of appropriate salts of higher oxidation
states of the elements with standard solutions of
alkali or alkaline earth metals in liquid ammouia.
The titratious are conducted below the normal
bothng poiut of ammouin {rg., —38 to —10°}
in an avhydrous and oxygen-free system using
equipment aud procedures substantislly identteal
with those described by Watt and Otto,3

Experimental

Materials. - With 1he vxeeptions noted below, ail mate-
rials cmploved in this work corsisted of resgent grade
chemieals.

Alaminum( ) iodide was prepansd by direet union of
the elements by & method especially devigned to yicld a
product free of vlemental indine.  This proeedure will e
desenibed elwwhere.

(1) This work was supported in part by the Office of Naval Re-
«eaich, Contrart NBoar-26610.

(2) Prenenled at the Sywposinm on Loiund Aunsoma Chewsiry,
Seplesber, 1952, Mecling of the Aincrican Chemicat Fociely, Allanlic
Cay, N, J.

W) G W, Watcand J. N One Jr. J. Electrochem. Noc., 98, 1

19531},

() G. W, Watt and J L. Hall “thorgamis Syntlieses.’ Vol 1V,

1N press.,

Anal. Caled. for Ally: AL 6.6; I, 93.4. Found: Al
6.5, 1,93.2.

Gallium(III) iodide was prepared by essentinlly the
method deseribed by Jehnson and Parsons.®

Anal. Caled. for Gal;: 1, 84.5. Found: I, 84.3.

With only minor modifications, the mcthod of Johnson
and Parons was also used in the preparation of indium(111)
iodide.

Anal. Caled. forInl;: I, 77.6. Found: I,77.0.

In the absence of a satisfactory procedure for the prepara-
tion of cither the iodide or bromide of thalium(I1I), the
corresponding chloride was obtained from the City Chemical
Corporation and used without further purification despite
its lesser sotubility in hiquid annmonia.

Methods. —Since the equipment and procedures involved
in carrying out the potentiometrie titrations have been de-
seribed in (‘om&idcra[)lu detail elsewhere? they need not be
discussed here except to point out that the imtial volume of
the liquid ammanis sabitions titrated was in all caxes ap-
proximately 50 ml.  Reactions carricd out on a larger scale
and having as their objective the isolation and identification
of intermediates and/or final products employed equipment
and techmques of the type described by Wath and ‘\'wnsn.‘

Titration of Thallium(1II) Chloride.— A solution and sus-
pension of 0.91 nieq. of thallium(III) chloride and 2.61 neq.
of sodium chloride (in solution, us a supporting clectrolyte)
was titrated with & 0.0586 A solution of potassiury in hiquil
ammonia. The data for a typical case ure given in Fig, 1.
When the finst portion of potas.ium solution was added «

(5) W. C. Juhnson and | B aesons, Toin Jotrssa, 36, 1210
11930},

@) G, W, Walt and . W, Keenan, J. Am Chem. ~oe, T, 18371
[QRIELAN
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Fig. 1. -Potentiometric titration:  thalliuin(1I1) elitoride
with potassium,

black precipitate forned but rather quickly disappeared.

Asthe titration procecded, however, the rate of disappearance
of this product decrensed; some of it agglomernted and set-
ed 10 the bottom of the reactor where it thereafter re-
acted stowty if at all.  Finally, upon addition of potassium
solution in excess of that required for complete reduetion
to elementat thallium, the solution assumed the characteris-
tic blue color of sotutions of alkali metals in ammonia and
the accompanying increase in potential was that character-
istic of such sotunons.? The Lhw color, however, was not
permanent, but it decreased in intensity anty stowly.  The
ammonia-insoluble produet of the reduction reactions was
idemitied ns clemental thalllum by means of an X-ray dif-
traction pattern obtuined using CuKa radiation, a nickel
hiter, & tube voltage of 30 kv., a fitament current of 15 ma.
and an exposure tinte of 4 hr. Found (retative intensities
in parentheses): d = 2.62 (strong), 1.72 (uedium) and 1.57
(medium).  The corresponding values from the hiteraturet
are: d = 2.62(1.00), 1.73(0.3)and 1.57 (0.5).

Titration of Indium(IIl) Iodide. -\ solution containing
0.70 meq. of indium(IIT) jodide was titrated with a liquid
ammonix solution 0.0498 ¥ with respeet to potassium }.-w«
Fig. 2).  Upon the first addition of potassium sofution there
appeared a black precipitate of (‘( ‘mental mdium which
cominued to form as the titration proceeded.

Titration of Gallium(III) Iodide. The titration of a solu-
tion of 0.49 meq. of gathinn(I1I) iudide with 0.0403 M po-
ssium solution to form clemental gallium (Fig. 3) pro-
ceeded in 8 manner substantially identical with that de-
seribed for indium.

Titration of Aluminum(III} Iodide.*—In a tvpical case,
084 meq. of atuminum{ T lodide in solutien in liquid
aminonia was ttrated with 0.0541 M potassivin solution
(e Fig 41 Asthe progress of the titranion approached the
fist mininam shown in the enrve (Fig. 4) a very finely
divided grav-white solid began to separate from the solu-
tion and this persisted throughout the remainder of the ti-
tration,  After the adibition of that inrement of potassium
~olution which provided the first excess of atkali metal, the
blue potassivm solation and the gray-white sobid coexisted
apparently withoat change over periods greater than five
hours,

(TY AN TN {ntex of N-Rav thffraction i*stterns,

B) Cf. G W, Waa 11 Hall und (& R Choppin J tm Chem,

Noe., 180 3920 (1950
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Potentiometric titration:
potassium.

I'ig. 2. indium(111) iodide with
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Fig, 3.—Potentiametric titration:
potassium,
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gathum(III) iodide with

In order to choose between different possible mechanisms
that might be compatible with experimentat results of the
type shown in Fig. 4, it would be ‘Iclplul to know whether
any hvdrogen is evolved during the course of the reduction
reactions, It is impractical to attempt ta secure this in-
formation from the potentiometric titration runs since tle-
solutions that are titrated are stirred by means of & stream
of anhydrous uxygen-free nitrogen that is presaturated with
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Fig. 4.-—Potentiomctric titration:  aluminum(IIT) iodide
with potasshim,

ammonia.?  Henee i hivdrogen were formed, its volume
would be negligible in relation to the volnme of nitrogen
“ollected wnd the messuretaent of the quantity of hvdrogen
would be quite inacearate. Accordingly, this diffienity was
overcome by redueing aluminum(111) jodide with potassium
solution on a considerably larger scale using equipment of
the type described previously® which provides for stirring
with & stream of ammonia only ard for the collection and
analysis of water-insolble gases.  In four scparate experi-
ments, 4.5, 4.0, 7.2 and 2.5 meq. of aluminum(I) iodide
(cach sample in an initial volirme of approximately 40 ml. of
lieguid ammonin) were titrated with, respectively, 019, 0.22,
0.64 and 0.34 M polassinm solutions.  The major variable
in these four experiments was the rate of addition of the
potassium solutions which was varied (respectively) from
ca. 7 10 0.5 hr.  Althongh the four results were not entircly
internally consistent, the volumes of hydrogen collected
dunng the courss of the reduction reactions varnied from 0 to
> 1007¢ of that calenlated on the assumption that all of the
otassinm added reacted to form an equivalent quannty of
L}'dmg('n. Further, the volume of hydrogen formed ap-
peany to depend upon the rate at which the potassinm soli-
tion 18 added.

Titration of Aluminum(III) Iodide with Potassium Amide.
—1n other experiments potentislly of importance in the
interpretation of the redaction reactions described abuve,
F.06 meq. of aluminum(I1) iodide in ea. 30 mi. of liquinl
aminonia solution was titrated with 0.0478 M potassium
amide sulution,  The resulting data are shown in Mg 5

Discussion

In view of the well established stability of the
TIT' it was anticipated that the potentiometric
titratiou of thallium(III) chloride with potassium
might at least give evidence of the successive
formation of I'1** and TI°.  For the case shown in
Iig. 1. carresponding clianges in potential should
occur upon addinion of 10.3 and 15.5 mb of potas-
sium solution.  However, the reaction that occurs
as the result of the addition of the first 2.2 ml. of
potassium solution (see Fiz. 1) evidently involves
the partial reduction of T1*3 to black ammonia-
insoluble T'l° which in turn reacts fairlv rapidly to

Poresmioneriue Trrratioy o METAL Havipes wrrn Porassivy iy Liovin NHy 569
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2 6 10 K18 22 26 30 44 38 42
KNH; Soln., mi.

Fig. 5, —Potentiometric titration: aluminum(I11) lodide
with potassium amide,

reduce some of the remaining T1°3 to TI+! and /or
TI*2  The reaction between T1° and TI*? seems
more probable than a possible interiction of TI°
and the solvent® since the rate at which the TP
reacts appears to decrease progressively as the
supply of T1-? decreases.  Following the addition
of 22 ml of potassium solution, the black solid
(identified as elemental thallium at the end of the
run) was present as a solid phase in inecreasing
quantity as the titration progressed and it appeared
to react only relatively slowly for a time and finally
not at all. Owmg to the interference by this
concurrent reaction involving T19 it is not to he
expecled that the two subsequent changes in po-
tential could be correlated strictly with the anttei-
pated stoichiometry corresponding tc  possible
wtermediates in the reduction process. Thus in
the ecase of the data of Fig 1, it 13 apparently
fortuitous that the increase in potential amounting
to 0.2 v. that occurs upon addition of 8.0 ml. of
potassitm solutions agrees well with the value of
7.8 ml. calculated on the assumption that the TI°
first produced then reduces T143 to T1+2 and TI1+",
Actnally, this increase in potential probably corre-
sponds to the completion of reduction to TI+!
but s displaced to the left awing to rednetion
attributable to TI. In effect, the intermediation
of reduction reactions involving the freshly pre-
apitated TI° renders the data for the remainder of
the titration almost impossible of rigorous inter-
pretation.  Furthermore, it has been found that
data of the type shown in Iig. 1 are not stricly
reproducible; the same changes in potential are
ohserved from run to run but the relative positions

W A Do MeFlrov, 30 Klemnherg and A W Dasalson, J. Am
Chem. Soc . T4, T3R8 (1132 of €. A Seely, nia M-los, “Compeehen.
sive Treatise on [norganie and Tiheoretiegl Chvrstey Vol V. Long.
mans. Green and Co ., New York, N Y., 1'"37. p. .21,



a0 Georces W. Warr, Jasmes I Hann axv Grecory R, Cuorpeis Vol. 57

at which these changes aceur are somewhat subject
to variation,

The data shown in Figs. 2 and 3 indicate that the
reduction of the iodides of indium (1L and gallium-
(III) involves only the three-electron changes
corresponding to reduction to the respective cle-
mental metals.  ISvidently the +2 and 41 oxida-
tion states of these elements are not stable in
liquid ammonia under the conditions involved in
these experiments  These results are somewhat
surprising in view of existing evidence for these
lower oxidation states in liquid ammonia. other
solvent media and in the solid state. ™

The results obtained in the potentiometrie titra-
tion of aluminum(II) iodide with potasstum have
previously been interpreted® as evidence for the
existence of the +2 and -+ oxidation states of
aluminnm.  With reference to Fig. 4, for example.
the calculated volumes of potassii: solution re-
quired for reduction of Al=3 to Al'** and Al*! are 5.1
and 10.2 ml., respectively.  An inspection of Iig. 4
shows that the expertinental results are in excellent
agreement with these values and the reproducibility
of these results bas been amply demonstrated.

It has been suggested, however, that these
results might also be explained in terms of a series
of acid -base equilibria," e.g.

Al*? — NH; 2 AINH, T + NIL»
AINH:*? 4 NH; = ANH; )+ + NIH,*
AINH: )"t ¢+ N > ANH:), + N

whereir the observed echanges in potential could
eorrespond  successively to the three aluminum-
contnining speciesshown above. Thusit is proposed
m effect that the aluminnm(I11) todide 1s ammono-
lyzed and that the reaction that occurs upon
addition of potassium is that with NH* to liberate
hydrogen.  Our experiments designed to determine

(10) Tor review and pranary refeeences see: o Rlanberg, " Une
failine Ox.dation Staten atl Their Stabilization.” Unmiversity of
Kannan I’ress. lawrence, han, 1930, J. Chem. Educatinon, 39, 324
(1932).

Y1) . A Lannen, pavate connnumeation.

whether hydrogen is evolved have led to results
that are not satisfuctorily eonclusive. It appears
that hydrogen is indeed evolved in substantially
the stoichiometric gqnantity if the reaction is carried
out rapidly but that the quantity of hydrogen
liberated decreases as the time of addition of
potassium solution is increased to as much as 7 hr.
Stnce the potentiometric titration must be carried
out very slowly (e.qg.. periods of time of the order
of 48 hr.) in ovder to ensure the re-establishment of
equilibrium after each addition of potassium, there
remains the question as to whether any hydrogen is
prodneed in mns of the type that led to the data of
Iig. 4. Additional experiments concerned with the
questions of hydrogen formation and the identity
of other ammonia-insoluble intermediate and final
reduction products are in progress.

Two additional lines of evidernce bearing upon
the mechanism of the reduction of aluminum(Ill)
iodide with potassium also merit consideration.
If the data of Fig. 1 arc to be interpreted in terms
of ammonolysis, it might he expected that the same
intermediate and final species should be formed by
tlie reaction between atuminom(lil) iodide amnd
potassium amide mn liquid wminonia.  That such
15 clearly not the case 1s shown by the data of Fig. 5.
The changes in potential that occur upon addition
of 22.1 and 29.5 ml. of potassium solution conform
almost exactly to the ieactions

Al + 3KNHL —= ANNIL), + 3K+
ANH:) + KNH; —> KAI(NILR),

The white aimnonia-insoluble alumimum(I11) amide
that is formed first then reacts with additional
potassium amide to form a soluble salt of air ampho-
teric base. Finally, it should be pointed out that
if aluminum(II1) amide were the final product of
the reduction of aluminuin({III) iodide with potas-
sium, any excess of the metal added would uu-
doubtedly react with the insoluble amide to form
one or more salts of this amphoteric bhase. It was
observed, however, that solutions of potassium
do not react with the end-produet of the reduction
reaction over periods up to several hours.
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"Aluminum(l) lodide"*
By George W, Wait and James L. Hall

(Manuscript to be submitted for publication in The Journal of the American
Chemical Society. )

Abstract

The reduction of one mole of aluminum(lIl) iodide with two gram-
atoms of potassium in liquid ammonia at -33.5° yields a white
ammonia-insoluble solid which contains only aluminum, iodine,
and ammonia. Aluminum and iodine are present in exactly a 1:1
ratio; the ammonia is loosely bound and is lost slowly at room
temperature. When heated to 8002, ammonia is the only gaseous
product; the residual solid contains one gram-atom of potassium/
gram-atom of iodine, The data indicate that the primary reduction
product consists of the 3-ammonate of aluminum(l) iodide and the
only contradictory evidence is the fact that this product fails to

exhibit reducing properties.
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"' Potentiometric Titration of Simple Salts with Potassium in Liquid Ammonia. "

By George W, Watt, Gregory R. Choppin, and James L. Hall.

(Manuscript accepted for publication in The Journal of the Electrochemical
Society. )

Abstract

By means of potentiometric titrations of solutions of salts with
solutions of potassium in liquid ammonia at -38°, it has been shown
that bismuth(I1l) iodide is reduced to Bio, K3Bi3. and K3Bi5 without
intermediation of either the +2 or +1 oxidation state of bismuth.
The reduction of Iron(ll) bromide is very complex and apparently
does not involve the intermediate formation of Fe+ l. The reduction
of potassium nitrate involves only the reduction of nitrate ion to
nitrite ion, followed by precipitation of potassium hydronitrite.

Data relative to the reduction of cobalt(ll) nitrate have permitted

a choice between two possible reduction mechanisms previously
proposed. The data presented in this paper clearly demonstrate
the usefulness of ths potentiometric titration technique in the study

of the mechanism of inorganic reduction reactions in ammonia.
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""Potentiometric Titration of Ammines of Rhodium, Iridium, and Platinum
with Solutions of Potassium and Potassium Amide in Liquid Amrnonia"

by George W. Watt, Gregory R. Choppin, and James L. Hall

(Manuscript accepted for publication in The Journal of the Electrochemical
Society.)

Abstract

Potentiometric titration of tetrammineplatinum(ll) bromide with
potassium in liquid ammonia at -38° shows that the reduction of
this salt to tetrammineplatinum(O) is exactly a two electron change
and that the +1 oxidation state of platinum is not an intermediate.
Similar reduction of bromopentammineiridium(Illl) bromide is
apparently more complex and leads to observed changes in potential
that do not correspond to any reasonable or probable reactions.
The titration of this same iridium salt with potassium amide solu-
tion, however, provides evidence for the stepwise replacement

of bromide by amido groups followed by the conversion of the
resultant iridium(IIl) amide to (probably) a potassium amidc-
iridate(IlI). Bromopentamminerhodium(Ill) bromide and potassium
amide react similarly, but only to and including the formation of

rhodium(IIl) amide.
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"Mechanism of the Reduction of Potassium Tetracyanonickelate(il) and
Potassium Hexacyanocobaltate(lll) with Potassium in Liquid Ammonia"

By George W. Watt, James L. Hall, Gregory R. Choppin and
Philip S. Gentile.

{Manuscript accepted for publication in The Journal of the American
Chemical Society. )

Abstract

Uncertainties remaining from earlier wcrk on the reduction of
potassium tetracyanonickelate(ll) with potassium in liquid ammonia
at -33.5° have been clarified by means of potentiometric titrations.
Two one-eleciron steps are involved when the salt is in excess,
and one two-electron reaction when potassium is in excess. Potas-
sium tetracyanocobaltate(l) has been shown to be an intermediate
in the reduction of potassium hexacyanocobaltate(Ill) to potassium

tetracyanocobaltate(O).
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